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Core-shell nanoparticles with ca. 15-nm gold core and 6-nm silica shell were prepared and characterized by
XPS. The Au/Si atomic ratio determined by XPS is independent of the electron takeoff angle because of the
concentric spherical shape of the nanoparticles. The formula given by Wertheim and DiCenzo (Phys. ReV. B
1988, 37, 844) for spherical nanoparticles and the modified one by Yang et. al. (J. Appl. Phys. 2005, 97,
024303) for core-shell nanoparticles are used to correlate the XPS-derived composition with the geometry
of the nanoparticles only after significantly modifying either the bulk density of the silica shell or the attenuation
length of the photoelectrons.
Introduction
The race for production of nanoparticles with well-defined
structures and tailored properties is still in its peak, because it
is envisaged that they will revolutionize both our understanding
and production of advanced materials soon.1-11 Core-shell type
of nanostructures particularly have a central place, because they
offer extra stability and multifunctionality.12-20 Among the
analytical techniques for the characterization of core-shell-type
nanostructures, X-ray photoelectron spectroscopy (XPS) is vital
because of the perfect match of its probe length (∼10 nm) to
the size of these particles and its ability to probe the chemical
identity of the elements present.21 Various reports have been
published dealing with the use of XPS for characterization of
various core-shell-type naostructures.22-33
When these core-shell nanoparticles are deposited on smooth
surfaces for XPS analysis, the photoelectrons created are
severely attenuated as they pass through the core and the shell
before they escape into the vacuum for their kinetic energy
analysis. This attenuation is, in principle, well-known and can
be modeled to extract structural and morphological information
from the XPS data. Wertheim and DiCenzo were the first to
derive a formula relating the intensity of photoemission from
spherical clusters.22 Hoener et al. used the relative attenuation
of primary photoelectrons and Auger signals to demonstrate the
formation of a core-shell type of structure.23 Katari, Colvin,
and Alivisatos by use of XPS determined the surface composi-
tion of semiconductor nanocrystals.24 In the paper by Dabbousi
et al., XPS, together with other X-ray techniques, was utilized
to determine chemical composition, size, shape, and internal
structure of core-shell quantum dots.25 Cao and Banin used
XPS to provide direct proof that shells grow on core nanopar-
ticles,26 while Liu et al. claimed that XPS provided the direct
proof of the core-shell structure of shell cross-linked micelles.27
Koktysh et al.28 used XPS to analyze silver/TiO2 core-shell
nanoparticle films before and after removing the silver core,
and similar studies were used by Liu and Chuang on gold/
polypyrrole core-shell nanocomposites.29 Boyen et al. utilized
angle-resolved XPS to estimate the size of the oxidation-resistant
gold-55 clusters.30 Yang et al. also used XPS intensities and/or
their angle dependency to estimate the size and structure of Cu
clusters on various surfaces.31,32In a very recent paper, the same
group extended the formula, derived for a simple spherical
particle by Wertheim and DiCenzo, for application to particles
with a spherical core and a uniform shell and studied the
oxidation kinetics of Si nanoparticles by XPS.33 In most of the
previous reports, only one element was probed by XPS to extract
information about the structure of the core-shell nanoparticles.
It is, however, desirable to probe by XPS different elements
belonging to the core and the shell separately in order to extract
more complete structural information, which eliminates many
of the experimental sources of error. In this contribution, we
report such a case where Au (core)/SiO2 (shell) nanoparticles
with a well-defined and characterized structure are analyzed by
XPS, and we address issues related with angle dependency and
escape depths usable for these nanostructures.
Experimental Details
Tetrachloroauric acid (HAuCl4‚3H2O), 3-aminopropyl tri-
methoxysilane (APS), and sodium silicate solution
(Na2O(SiO2)3-5, 27 wt % SiO2) were purchased from Aldrich.
Au/SiO2 nanoparticles were prepared using the method described
earlier.13 Briefly, spherical gold nanoparticles with an average
diameter of ca. 15 nm and 10% polydispersity were prepared
by boiling 5× 10-4 M HAuCl4 in the presence of 1.6× 10-3
M sodium citrate for 15 min. Upon cooling to room temperature,
APS (5 µM) and sodium silicate solution (0.01 wt %) were* Corresponding author: suzer@fen.bilkent.edu.tr.
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added in turn, under vigorous magnetic stirring. The resulting
dispersion (pH≈ 8.5) was allowed to stand for 3 days, resulting
in the deposition of 5-7-nm-thick silica shells.
The nanoparticles were deposited on a copper tape and
analyzed after drying in air using a Kratos ES300 electron
spectrometer with Mg KR X-rays. The UV-vis spectrum and
the XRD pattern were recorded using a Cary 5E spectrometer
and Rikagu Miniflex diffractometer with Cu X-rays, respec-
tively. For comparison, gold was also deposited by plasma vapor
deposition (PVD) on a silicon substrate containing ca. 4-nm
oxide layer grown thermally. Standard curve-fitting procedures
were employed to extract intensities of the peaks from their
areas.
Results and Discussion
Figure 1 shows a representative transmission electron mi-
croscopy (TEM) image of the nanoparticles with an average
diameter of 15-nm gold core and ca. 6-nm-thick silica shell.
The UV-vis spectrum of the nanoparticles in aqueous solution
and the XRD pattern are also shown in the same figure. The
strong surface plasmon resonance band of the gold nanoparticles
around 530 nm and the slightly broad (∆Φ > 0.8°) XRD peak
at 38°, corresponding to Au(111), are indicative of the crystalline
gold core, and the only (indirect) evidence of the silica shell is
revealed through the slight red-shift of the plasmon band with
respect to the citrate-gold colloid, as has been previously
discussed.13
Figure 2a displays the XPS spectrum of the region corre-
sponding to the binding energy range of 110-70 eV, which
includes the Si 2p, Au 4f, and Cu 3p peaks recorded at 90° and
30° electron takeoff angles, respectively. Chemical identity of
the elements (determined from the measured binding energies)
is straightforward and corresponds to Au0 and SiIV.
To gain more information about the composition, the Si Auger
parameter and angle-dependent atomic ratios are determined.
These are compared to the case of gold clusters deposited from
the vapor phase onto a silicon surface containing a ca. 4-nm
oxide layer, the spectra of which at the two takeoff angles are
also reproduced in Figure 2b. The silicon Auger parameter,
which is defined as the sum of the Si 2p binding energy and
the SiKLL kinetic energy of the sample under investigation is a
better indicator of the chemical identity, because it is insensitive
to charging and other experimental artifacts.34-36 In the case of
the gold (core)-silica (shell) nanoclusters, the Auger parameter
of the silicon atom was determined to be 1711.8 eV, which is
very close to that of the silicon oxide layer as given in Table 1.
The Au 4f peak appears quite strong because of its higher
photoionization cross-section (17.47) compared to that of Si 2p
(0.865). The atomic ratios determined by XPS, after correction
for atomic cross-sections, at different electron takeoff angles
for the core-shell nanoclusters are shown in Figure 2a and
Figure 3 together with the case when gold is deposited from
the vapor phase on the SiO2/Si system. When the XPS spectrum
of a heterogeneous sample is recorded at a lower electron takeoff
angle, the relative intensity of the peaks of the elements near
Figure 1. TEM image of the Au (core)/SiO2 (shell) nanoparticles together with their X-ray diffraction pattern and the UV-vis absorption spectrum.
Figure 2. The 110-70 eV region of the XPS spectrum recorded at
90° and 30° electron takeoff angles corresponding to (a) Au (core)/
SiO2 (shell) nanoparticles deposited on copper tape, (b) gold particles
vapor-deposited (PVD) onto a silicon substrate containing ca. 4-nm
oxide layer.
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the surface increases at the expense of the peaks away from
the surface. Accordingly, for the sample where gold is vapor-
deposited on the silicon substrate, which also contains a ca. 4-nm
thermally grown oxide layer, the intensity of the Si 2p peak
belonging to the oxide (SiIV) increases, and that of the silicon
(Si0) decreases at 30°. Similarly, the Au 4f peak intensity
increases at the expense of both of the silicon peaks, because it
is the outermost surface species. In the case of the core-sh ll
nanoclusters, the intensity of the Si 2p and Au 4f peaks increases
with respect to the Cu 3p substrate peak at the lower takeoff
angles; however, the Au/Si atomic ratio stays constant within
the experimental uncertainty limits. A similar case was reported
and discussed in detail by Piyakis et al. in the analysis of
spherical Cu nanoclusters, by using angle-resolved XPS; and
by performing Monte Carlo simulation, they showed that, if
the radius of the particle is larger than the attenuation length of
the photoelectron, the intensity is more or less angle-
independent.32 Our finding that the ratio of the intensity of the
XPS peak of the element stemming from the core to that from
the shell is also angle-independent not only supports their
findings but also extends it to core-shell nanoclusters.
To relate the XPS-determined composition to the geometry
of the core-shell nanoclusters, one has to take into account
the attenuation of the photoelectrons as they traverse the core
and the shell, as well as the density of the Si atoms (0.0383
mol/cm3 obtained from the bulk density of the silicon dioxide,
2.3 g/cm3) in the shell and the Au atoms (0.0980 mol/cm3
obtained from the bulk density of gold, 19.3 g/cm3) in the core.
Attenuation of photoelectron intensity is given by the formula,
I ) I0(e-d/λ), as the photoelectrons traverse a medium with a
finite thicknessd, whereλ is the attenuation length (or the escape
depth), which depends strongly on the kinetic energy of the
photoelectrons and also on the density of the medium.36 The
kinetic energies of the Au 4f and Si 2p photoelectrons are very
close to each other; hence, the first factor does not need to be
considered in this case. However, the densities of the gold core
and the silica shell, and also their scattering powers, need to be
taken into account. In the formula derived by Wertheim and
Dicenzo,21 the intensity of a photoelectron peak from a spherical
cluster is given by
whereλ is the photoelectron’s attenuation length andx ) r/λ,
with r being the radius of the cluster. This formula can be
adopted for calculation of the intensity of the concentric silica
shell by first taking the radius as 13.5 nm (sum of the core
radius and the shell thickness) and 7.5 nm (core radius)
separately, and then taking the difference. However, for the gold
core, we have to take into account the attenuation through the
silica shell. One way is to use a simple attenuation factor through
the shell
whered is the thickness of the silica shell andλS and λC are
the attenuation lengths of the core and the shell, respectively.
The extended formula derived by Yang et al.33 is similar to eq
2 but also includes additional terms
whereκ(x) is another function containing several other terms.
Two points are relevant to our discussion below: (i) the
additional term in eq 3 is always smaller than 1, and (ii) eq 3
yields eq 1 whend ) 0. Another important point is that in
deriving their equation Yang et al.33 used a single attenuation
length for the core and the shell, which we think is not
appropriate for our case.
Practical attenuation lengths with Mg KR X-rays for the Au
4f peak in the gold metal and the Si 2p peak in the silicon oxide
are given as 1.44 and 2.74 nm, respectively.37 If we use eq 2
for gold attenuation through the silica shell (e-6.0/2.74) 0.112).
we obtain 0.07 for the Au/Si atomic ratio, which is too low as
compared with the experimental value of 0.20. Using eq 3 leads
to an even lower atomic ratio of 0.05.
Assuming that the TEM data are reliable, we state the
following as contributing to the larger than predicted Au/Si ratio:
(i) In addition to core-shell nanoparticles, there exist extra
gold particles either without silica shells or with silica shells
thinner than 6 nm.
(ii) The silica shell is less dense, resulting in a smaller
concentration.
(iii) The attenuation lengths are different (larger than) from
their bulk values.
The first point can be ruled out because of our additional
observation (not shown here) that both the Si 2p and Au 4f
peaks undergo similar differential charging, indicating that they
are within close proximity and leading to the conclusion that
just one kind of gold species is present. This issue will be
discussed in more detail in a forthcoming publication.36,38 The
second point is a more likely contribution, because the silica
shell was prepared through the precipitation of sodium silicate
from solution, and oligomers form in solution prior to the
aggregation and could also get incorporated. Therefore, the
porosity achieved is rather high, and even higher than for
organosilica, as was demonstrated by studying chemical reac-
tions on metal cores.39 On the other hand, though the thickness
of the silica shells is rather uniform, from TEM we can also
see some cases with thinner shells or shells with less uniform
thickness, which may influence through the first point. As for
TABLE 1: Measured Binding and Kinetic Energies of the Si
2p and SiKLL Peaks and the Derived Auger Parameter for
the Au (Core)/SiO2 (Shell) Nanoparticlesa
Si 2p BE (eV) SiKLL KE (eV) R (eV)
SiIV Si0 SiIV Si0 SiIV Si0
C-S 103.3 1608.5 1711.8
SiO2/Si 103.9 99.5b 1608.1 1616.4b 1712.0 1715.9
a The same data for a ca. 4-nm thermally grown SiO2/Si system are
given for comparison.b Taken as the reference.
Figure 3. Intensity ratio of XPS peaks for Si(2p)IV/Si(2p)0 and Au
4f/Si(2p)0 from the PVD sample and Au 4f/Si(2p)IV from the Au/SiO2
sample, at three different takeoff angles, normalized to the ratio at 90°,
and plotted against the sine of the angle.
S) πλ3{x2 + [(2x + 1)e-2x - 1]/2} (1)
S(core)) e-d/λS× πλC3{x2 + [(2x + 1)e-2x - 1]/2} (2)
S(core)) {[κ(x)d + λ]/(d + λ)} ×
e-d/λ * πλ
3{x2 + [(2x + 1)e-2x - 1]/2} (3)
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the gold core, we must use the metallic density because of the
observation of the Au(111) diffraction peak. The third point is
also closely related to the second one, because density is an
important parameter contributing to the attenuation of the
photoelectrons. Along these lines, Yang et al. used the attenu-
ation length of 3.5 nm for the silicon oxide layer for relating
their XPS intensities to the silicon oxide-silicon core-shell
nanoparticles and questioned the use of bulk densities for
nanoparticles.33 Accordingly, we have calculated a number of
possible cases using different values for the densities and
attenuation lengths as given in Table 2 using both eqs 2 and 3.
From the analysis of the data in the table, we see that,
irrespective of the equation we use, we can reproduce the
experimentally derived Au/Si atomic ratio only after drastically
reducing the density of the silica layer. Obviously, other
combinations can also be found for the corresponding attenu-
ation length and density to match the experimental ratio, which
calls for further experimental and theoretical work.
Conclusions
Two important conclusions can be drawn from this work.
First, the XPS intensity ratio of peaks from elements of the core
and the shell is independent of the electron takeoff angle, which,
we think, is an important tool for extracting geometrical
information about nanoparticles. Second, for elucidating the
composition, size, geometry, and so forth of nanoparticles from
XPS measurements, bulk data are not reliable. Hence, (i) new
approaches for modifying the bulk data and (ii) a new
mathematical model taking into account different attenuation
through the core and the shell must be developed.
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TABLE 2: Calculated Au/Si Atomic Ratio for the Au
(Core)/Silica (Shell) Nanoparticles Using Different











calculated eq 2 eq 3
1.44 2.74 0.0383 0.07 0.05
1.44 3.50 0.0383 0.08 0.06
1.44 3.50 0.0200 0.16 0.12
1.44 3.50 0.0160 0.20 0.16
2.50 3.50 0.0270 0.20 0.18
3.50 3.50 0.0383 0.19 0.14
3.50 3.50 0.0270 0.27 0.20
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